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ABSTRACT: f-Lactam antibiotics are vital weapons in the treatment of bacterial infections, but their future

is under increasing threat frofitlactamases. These bacterial enzymes hydrolyze and inagfiattam
antibiotics, rendering the host cell resistant to the bactericidal effects of the drugs. Nevertheless, the bacterial
p-alanylp-alanine transpeptidases (DD-peptidases), the killing targgtdaattams, remain attractive targets

for antibiotic compounds. Cyclic acyl phosph(on)ates have been developed and investigated as potential
inhibitors of both transpeptidases afidactamases. The X-ray crystal structures of the complexes of the
Streptomycestrain R61 DD-peptidase inhibited by a bicyclic [1-hydroxy-4,5-benzo-2,6-dioxaphospho-
rinanone(3)-1-oxide] and a monocyclic [1-hydroxy-4-phenyl-2,6-dioxaphosphorinanone(3)-1-oxide] acyl
phosphate were determined to investigate the mode of action of these novel inhibitors. The structures
show, first, that these inhibitors form covalent bonds with the active site serine residue of the enzyme and
that the refractory complexes thus formed are phosphoryl-enzyme species rather than acyl enzymes. The
complexes are long-lived largely because, after ring opening, the ligands adopt conformations that cannot
directly recyclize, the latter a phenomenon previously observed with cyclic acyl phosph(on)ates. While
the two inhibitors bind in nearly identical conformations, the phosphoryl-enzyme complex formed from
the monocyclic compound is significantly less mobile than that formed from the bicyclic compound.
Despite this difference, the complex with the bicyclic compound breaks down to regenerate free enzyme
somewhat more slowly than that of the monocyclic. This may be because of steric problems associated
with the reorientation of the larger bicyclic ligand required for reactivation. The structures are strikingly
different in the orientation of the phosphoryl moiety from those generated using more specific phos-
ph(on)ates. Models of the noncovalent complexes of the monocyclic compound with the R61 DD-peptidase
and a structurally very similar classf=lactamase suggest reasons why the former enzyme is phosphorylated
by this compound, while the latter is acylated. Finally, this paper provides information that will help in
the design of additional DD-peptidase inhibitors with the potential to serve as leads in the development
of novel antibiotics.

pB-Lactam antibiotics are bactericidal agents because theybinding of the peptide portion of the peptidoglycan polymer
inhibit the enzymes responsible for the biosynthesis and to the DD-peptidase. A catalytic serine hydroxyl then attacks
maintenance of the bacterial cell walH6). These enzymes  the carbonyl carbon of the penultimatealanine residue of
are a class of penicillin-binding proteins (PBPkjiown as the peptide to form a short-lived acyl enzyme intermediate,
p-alanylp-alanine carboxypeptidase/transpeptidases (DD- with the release of free-alanine (reaction a in Scheme 1).
peptidases). DD-peptidases catalyze the final step in cell-The enzyme can then catalyze a transpeptidation reaction,
wall biosynthesis in which EN*-X-p-alanylp-alanine pep-  where an amino group on a second strand of peptidoglycan
tides on individual peptidoglycan strands are cross-linked attacks the ester of the acyl enzyme (reaction ¢ in Scheme
to form the rigid, meshlike structure of the bacterial cell wall. 1), cross-linking the two peptidoglycan strands and regen-
The cross-linking reaction begins with the noncovalent erating the free enzyme. Many DD-peptidases also possess
carboxypeptidase activity, where water acts as the acceptor,
t This research was supported in part by grants from the State of yielding a shortened peptide product (reaction b in Scheme
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protein. Deacylation of these complexes is very slow because the
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leaving group remains tethered near the ester of the acylrecyclization reaction. Product analysis a#P nuclear
enzyme and blocks the approach of the deacylating nucleo-magnetic resonance spectra suggested that the inhibition of
phile (the amino group of an acceptor molecule or a f-lactamases by monocyclic acyl phosphates involves acy-
hydrolytic water molecule)§—10). lation rather than phosphorylation of the active-site serine
The continued efficacy gf-lactams as therapeutic agents (19). We have now demonstrated that the monocyclic acyl
is seriously threatened by the constant evolution of resistancephosphatet reversibly inactivates the R61 DD-peptidase.
mechanisms by bacteria. The most immediate threat is posed Described here are the X-ray crystal structures of covalent
by p-lactamases, enzymes that hydrolyze and inactivate complexes between the DD-peptidase &ife1) and4 (E4).
p-lactams with startling efficiencyi-lactamases are acylated These structures show thiand4 interact with the peptidase
by f-lactams in the same manner as DD-peptidases. Theactive site in a unique way. These results, together with those
resulting acyl enzyme, however, is quickly hydrolyzed by from molecular modeling, suggest an explanation for the
the enzymeX1—16). Drugs that inhibit both DD-peptidases differences between the reactions of these cyclic phos-
andg-lactamases or that are at least resistaptfmctamases  ph(on)ates with the R61 DD-peptidase and the P9ac-
are desperately needed to combat the resistant infections ofamase, an enzyme of very similar structure. Finally, these
today. structures suggest new motifs that might be incorporated into
Cyclic acyl phosph(on)ates are one promising class of the DD-peptidase inhibitor design.
compounds shown to inhibit botB-lactamases and DD-

peptidasesl(7—19). These compounds were designed to be o //O P//O
penicillin-like inhibitors, in that they are cyclic, and therefore T\o' >0
the “leaving group” might block access of the deacylating 0 0
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nucleophile (water) after their reaction with the enzyme. The
inhibition is thought to follow the following mechanism:

E+I—EI=Erl Ph. O/ o/ Ve
| ™o | ™o | ™o
where El represents a noncovalent enzyimhibitor com- o} o o}
plex and El, a covalent complex. Both the bicyclic phosphate Ph Ph
o

1 and its phosphonate anal@were shown to inhibit the
class Cp-lactamase oEnterobacter cloaca®99, as well 3 4

as theStreptomycestrain R61 DD-peptidase, a 37.5-kDa

exocellular enzyme that is a model for membrane-bound EXPERIMENTAL PROCEDURES

PBPs that catalyze the majority of cell-wall syntheses. Enzyme KineticsCompoundsl and4 were prepared as
However, the inhibition observed with these enzymes was previously describedl{, 19). The rate constant for inactiva-
reversible because the inhibitors themselves were found totion of the R61 DD-peptidase b¢ was determined by
slowly recyclize to reform the bicyclic compoundi7, 18). monitoring the activity of a reaction mixture containing 100
Product analysis indicated that these inhibitors phosph(on)-uM 4 and 2uM enzyme as a function of time against a
ylated the active-site serine of tifielactamase. It has also  depsipeptide substrate[[(phenylacetyl)glycyl]oxy]benzoic
been shown previously that the monocyclic acyl phos- acid 0). All kinetic experiments were performed in a 20
ph(on)ates3—5, inhibit the P993-lactamase and the class mM MOPS buffer at pH 7.5 and 25C. Reactivation rates

A TEM pg-lactamaseX9). The inhibition of the P99 enzyme  were obtained from the total progress curves generated by
by 4 is irreversible. It was speculated that this might reflect dilution of an enzyme/inhibitor incubation mixture into a
the additional degree of freedom availableltoompared to substrate solution1@). Incubation mixtures contained 2.0
the bicyclic phosphat# that allows the monocyclic inhibitor, ~ «M enzyme with 1.0 mM1 or 0.1 mM 4, and incubation
after ring opening, to adopt a conformation that prevents the periods wee 2 h and 40 min, respectively. After these times,
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Scheme 2 resolution. Solvent molecules with reasonable hydrogen-bond
distances and geometries were added. Care was taken to
avoid modeling the density for the bound inhibitors as
K solvent. Once the refinements convergBg = 18.5 and

El' = E+I Riee = 21.0 for E1; Reyst = 17.9 andRyee = 19.7 for E4),

further refinement was done using SHELX-92b). After

25ulL aliquots of the reaction mixtures were added to isotropic refinement at full resolution, both models were
cuvettes containing solutions of the above-mentioned dep-refined anisotropically. Refinement of the individual aniso-
sipeptide substrate (1 mL). Progress curves for substratetropic displacement parameters resulted in a 2.9% drop in
hydrolysis, monitored spectrophotometrically at 300 nm in Ry, for E1' and 1.2% for E4 with comparable drops in
the presence and absence of the inhibitor, were recordedR,, Iterative cycles of fitting in XtalView 26) followed
These data were fitted to Scheme 2 by means of Dynafit by refinement in SHELXL continued until th& factors
(22) to obtain the reactivation rate constdat)n this scheme,  converged at 11.5%R{ec = 15.1%) and 11.0%Riee =
El' represents the covalent complex of enzyme E with the 14.5%) for E1 and E4, respectively. At this point, those
inhibitor I, and S and ES represent the reporter substrate anchydrogen atoms visible ass3eaks in|Fo| — |F¢| electron
its productive complex with the enzyme, repectively; the density maps and with good geometry were added using the
breakdown of Elis shown to regenerate |, as observed with riding model in SHELXL. Adding hydrogen atoms resulted
the P993-lactamase X9). in an almost 1% drop in thR factors.

k
E+S == ES —> E+P

Km

Crystallization and Data CollectiorCrystals of the R61 Molecular Modeling Molecular modeling was performed
DD-peptidase were obtained using the hanging drop vaporusing Insightll 2000 software (MSI, San Diego, CA), running
diffusion method as describe@3). To trap the R6%1 on an SGI Octane 2 computer. The protein structures selected

complex, a 0.3x 0.13x 0.05-mm crystal was soaked for 5  for docking were those of the phosphonate complexes of the
hin a solution containing 30% poly(ethylene glycol) (PEG) P99 -lactamase (PDB 1BLS; re?7) and the R61 DD-
8000, 50 mM sodium phosphate at pH 6.8, 5% (w/v) peptidase (PDB 1MPL; re28). The active-site residues in
glycerol, and~10 mM 1. Cryprotection was accomplished these structures would presumably be in the “active”
by transferring the crystal into a fresh drop of the soak conformation. A model o# was constructed by means of
solution having 10% glycerol for 1 min and then into another the Builder module of Insightll and subjected to energy
drop having 20% glycerol. The crystal was then flash-cooled minimization. It was then visually docked into the active
in a gaseous nitrogen stream at 100 K. Data were collectedsites according to the following criteria. For the “prephos-
on Beamline X12C at the National Synchrotron Light Source phorylation” complexes, the P atom was placed at a distance
(NSLS), Brookhaven National Laboratory, Upton, NY and of less tha 3 A from Ser Q of the active site, where the
processed using the HKL packa@3). The R614 complex Ser Q —P—0OCO angle was 180 appropriate for a direct
was prepared in exactly the same way (crystal siz@.78 “in-line” displacement at phosphorus. One of the ®
x 0.4 x 0.2 mm), except the soak solution contained 5 MM oxygens was then placed at a distane8 A from the
4, and the soak time was 22.5 h. Data for the R6omplex backbone nitrogen atoms of the oxyanion hole (Thr301 and
were collected on NSLS Beamline X12C (see Table 1).  Ser62 in the case of the DD-peptidase and Ser318 and Ser64
Crystallographic Structure Refinemeinitial refinement for the f-lactamase). These restrictions yielded two alterna-
of both structures was done using CN&) at a 1.5 A tive orientations of the ligand with respect to the protein,

Table 1: Crystallographic Data

ET E4
resolution limit (A) 1.15 1.13
number of reflections
measured 780 703 1385496
unique 119 308 120972
(reflections,F > 40) 102 281 114 325
completeness (%)
all data 97.7 94.1
highest resolution shell 82.9 (1.19.15A) 70.8 (1.171.13 A)
Rgyn? (0N 1) 0.056 0.062
(o]
overall 28.8 29.9
highest resolution shell 4.3 17.3
refinement
resolution (A) 16-1.15 10— 1.13
Reryst (all data) 0.107 0.104
Riree 0.140 0.144
data in test set 5813 2737
non-hydrogen atoms 3210 3289
rms deviations
bond lengths (A) 0.079 0.030
angles (deg) 2.25 1.742
averageB factor (all atoms) (&) 9.1 8.9
averageB factor of ligand (&) 15.3 114

a Rsym = 2||obs - (I)VE(I)
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Ficure 1: Stereoview of the Elcomplex (a) showing [E,| — |F¢| electron density contoured at &.%blue mesh), as well ag,| — |F¢|

density contoured at 300(green mesh) ane 3.00 (red mesh). The black arrows indicate the axis of oscillation of compduibte the

lack of density for the distal portion of the ring and the smearing of the density for the oxygen atom connecting the ring to the phosphorus.
There is also no positive (green) difference density, indicating that the parts of the model lacking density are not simply misfit. A similar
view without electron density (b) shows the contacts betwieand the R61 active site. Both images were rendered using XtalView and
RASTER3D g6, 39).

depending on which O~ was placed in the oxyanion hole. indicate how novel inhibitory entities may occupy the active
For the “preacylation” complexes, the carbonyl carbod of  site. Of particular interest was the question of whethand
was placed<3 A from the active-site Ser Qwhere the Ser 4 inhibited the peptidase by acylation or phosphorylation.
O,—C=0 angle was 120 appropriate for nucleophilic attack We have determined the X-ray crystal structures of the
at a carbonyl group. The carbonyl oxygen was also placedtwo inhibitors,1 and4, in the complexes with the R61 DD-
in the oxyanion hole. This procedure also yields two peptidase ata 1.1 A resolution. The models have been refined
orientations where nucleophilic attack is on either $her to crystallographi® factors of 10.7 and 10.4%, respectively,
re face of the carbonyl. for all data (Table 1, PDB 1SDE and 1SCW). The structures
clearly indicate the mode of inhibition (acylation versus
RESULTS AND DISCUSSION phosphorylation) and explain several curious differences
The monocyclic acyl phosphate 1-hydroxy-4-phenyl-2,6- observed in the reactions df and 4 with the R61 DD-
dioxaphosphorinanone(3)-1-oxidé)( like 1-hydroxy-4,5-  peptidase and the P99 clasg3dactamase.
benzo-2,6-dioxaphosphorinanone (3)-1-oxitlg ihactivates E1l Complex.The StreptomycedR61 DD-peptidase is
the R61 DD-peptidase. The second-order rate constants ofpreferentially phosphorylated by the bicyclic phospHate
inactivation byl and 4 were 0.46 {7) and 24 s' M1, the time scale of this crystallographic experiment. The
respectively. These reactions are much slower than those withbinding mode ofl is unlike any other molecule studied
the structurally similaE. cloacaeP99-lactamaseX7, 19), crystallographically with this enzyme. The active site of the
which is usual with nonspecific reagents. The inactivation DD-peptidase is a deep channel leading to the catalytic Ser62.
of the DD-peptidase byt and4 is slowly reversible, with The top of the active-site pocket has a significant positive
rate constants for reactivation of (2£70.5) x 10 s *and charge 29) primarily because of Arg285. Normally, the
(8.9+ 0.6) x 105 s7%, respectively. The structures of these substrates30) and inhibitors 28, 31) lay along the active-
quite inert complexes were of interest because these maysite channel. Specific ligands commonly bind with a side-
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Scheme 3 covalently bound (Figure 1a). The inhibition reaction is
therefore that shown in Scheme 3.
o £ o— One of the phosphoryl oxygens is bound in the oxyanion
EOH + | c|> o] I (_l) hole (2.7 A from both Ser62 and Thr301 amides; Figure 1b).
This causes the other phosphoryl oxygen anion to project
€O, into the active site, while the oxygen that bears the phenyl
ring and the newly formed carboxylate points out of the
chain amide interacting with the carbonyl of Thr301, a active site past Tyr159. The carboxylate interacts with both
carbonyl interacting with the side chain of Asn161, and an Arg285 (2.9 A) and Thr299 (2.5 A). The phenyl ring bfs
oxygen atom bound in the oxyanion hole formed by the not in a position to interact with the ring of Tyrl59. Given
main-chain amides of Ser62 and Thr301. Negative charges,the relatively small number of interactions compared to other
such as the carboxylate of the termibahla residue of the  inhibitors, it is apparent that the Etomplex is not well-
natural cell-wall substrate or the C3 carboxylate of penicil- Stabilized by the enzyme. The paucity of strong interactions
lins, often form salt bridges with Arg28530—32). A with the enzyme is evident in the hidghfactors (Figure 3a)
hydrophobic surface on the back of the active site interacts and incomplete electron density for a portion of the phenyl
with the nonpolar groups of many ligands. The methylene ring (Figure 1a). Indeed, the inhibitor appears to be oscillating
portion of the diaminopimelate of the natural cell-wall slightly about the axis shown in Figure 1a. Such a movement
peptide, for example, lies across this hydrophobic surface. would account for the appearance of the observed electron
Finally, in the case of the natural cell-wall peptide, a subsite density.
of the active site has evolved to recognize the glycyl- E4 ComplexAs we saw withl, the R61 enzyme is also
diaminopimelate moiety of the substrate. Unlike other preferentially phosphorylated (Scheme 3) rather than acylated
inhibitors and substrate$,interacts only with the oxyanion by 4 over the time scale of these experiments. Again, the
hole, Arg285, and Thr299, while the bulk of the molecule covalent nature of the inhibitory complex is indicated by the
protrudes from the active site. continuous electron density between the inhibitor phosphorus
The continuous density between the phosphorus of theand Ser62 Q (Figure 2a). There is no suggestion of any
inhibitor and Ser62 Qindicates that the two are indeed acylated enzyme in the difference electron density map. In

0 o
O IF|>—o—|z

Ficure 2: Stereoview of the E4omplex (a) showing [E,| — |F¢| electron density contoured at &.%blue mesh), as well ag,| — |F¢|
density contoured at 300(green mesh) anée 3.00 (red mesh). The density is well-defined for the entire inhibitor, and there is no difference
density in the vicinity. A similar view without electron density (b) shows the contacts betweenl the active site. Both images were
rendered using XtalView and RASTER3D.
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length of4 allows it to make an interaction with the enzyme
that is not available td. The phenyl ring of the monocyclic
phosphate is in a position to interact with the ring of Tyr159
(3.9 A between the ring centers). The two rings are nearly
parallel, with the edge of one ring positioned over the center
of the other. This single additional interaction is apparently
enough to stabilize the E4omplex. TheB factors and
thermal ellipsoids are significantly smaller for this structure
than for E1 (Figure 3b). The average factor of4 is 11.4

A2 compared to 15.3 #for 1 in the E1 complex. Also, the
electron density for E4s well-defined for the entire inhibitor
(Figure 2a).

It had been thought that the extra degree of freedom
inherent in4 might allow it to take on a different conforma-
tion from that ofl and thus eliminate the recylization reaction
(18). Instead, both inhibitors adopt nearly identical confor-
FiGURE 3: Views of the thermal ellipsoids df(a) and4 (b). Atoms  mations (Figures 1b and 2b). The reactivation rates are
are colored by the temperature factor, with dark blue representing tnerefore not very different although the rate for the complex

aB factor of 10 & or less and red representing@dactor of 25 & . .
or greater. The shapes of the thermal ellipsoids correspond to theOf Lis rather smaller than that fer (see the Results). This

direction and magnitudes of the anisotropic displacement param-difference may reflect steric problems with the more-rigid
eters. Images were prepared using RASTE®).( ligand derived from1 associated with the reorientation

required for the recyclization that probably accompanies

contrast, the P9g-lactamase was found to be preferentially réactivation of the enzymeg).

acylated by4 (19). In the current structure, the monocyclic Molecular Modeling o#4 in Complexes with the R61 DD-
phosphatet is bound in a fashion remarkably similar 19 Peptidase and P98-LactamaseMolecular modeling was
with the ring structure projecting out of the active-site pocket employed to gain an understanding of the structural basis
near Tyrl59. A phosphoryl oxygen is bound in the oxyanion for the products observed. Intact compouhgas manually
hole (2.7 A from both Ser62 and Thr301 main-chain amides; docked into the active site of the R61 DD-peptidase and the
Figure 2b). In both the Eland E4 complexes, one P99 f-lactamase in the orientations required for acylation
phosphoryl oxygen is directed into the active-site pocket of on one hand and phosphorylation on the other hand (see the
the enzyme. This is a unique observation for phosphyl Experimental Procedures). Figure 4 shows one possible
derivatives of both this enzyme and of the clasg-Gcta- structure of the noncovalent prephosphorylation complex of
mases. The oxygen atom in question, which must bear a4 with the DD-peptidase. It can be seen that there are no
significant negative charge, is not hydrogen-bonded to any unfavorable steric interactions between the inhibitor and any
residue of the protein. Its major local interaction with the residue of the active site. The Ser62 hydroxyl group (aided
protein would appear to be with the positively charged perhaps by the attendant Lys65 and/or Tyrl59) is poised to
terminus of Lys65 (the ©N distances are 4.4 and 4.5 A  attack the phosphorus atom of the inhibitor in such a way
for 1 and4, respectively). In addition, it does accept hydrogen that the carboxylate leaving group is positioned in an
bonds from three solvent molecules that occupy the active appropriately in-line fashion. One of the phosphoryl oxygens
site in the region where the side chain of a normal substrateis similarly poised to enter the oxyanion hole (backbone NH
would bind. The carboxylate group interacts with both groups of Ser62 and Thr301). The alternative orientation for
Arg285 (3.0 A) and Thr299 (2.6 A). Interestingly, the extra in-line attack (not shown; see the Experimental Procedures)

R285 R285

T299 3 T299

K65 K65
S62 562
Y159 Y159

N16v N161
T301 T301

Ficure 4: Stereoview of the modeled prephosphorylation complex betweenl the R61 DD-peptidase. The carbon atoms of the inhibitor
are colored orange, while those of the enzyme are colored gray. The figure was rendered using MOLSIORIPT (
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